Outdoor artificial streams were treated continuously with pentachlorophenol (PCP) for 88 days during the summer of 1983. The contributions of different stream compartments (microbial habitats) to microbial degradation of PCP were determined in a stream treated with 144 ,ug of PCP per liter. The 488-m long stream was composed of mud-bottomed pools alternating with gravel riffles. PCP loss in the stream attributable to microbial degradation after an adaptation period was in the range of 55 to 74%. Contributions to PCP loss were determined for rock surface (epilithic), macrophyte surface (epiphytic), sedimentary, and water column communities by measuring rates of PCP disappearance in stream water, containing ambient concentrations of PCP, in contact with representative compartmental samples. The specific capability, in units of micrograms of PCP per hour per square meter of stream cross-sectional area (macrophytes at maximum plant density, water column at mean depth, upper 10-cm layer of gravel), followed the order rock surface >> macrophytes > sediment -water column. The compartmental contribution to total stream losses in units of grams per hour followed the same order, although the differences were smaller. The rate of PCP disappearance in the water column above sediment cores followed the order oxygen-rich > oxygen-poor -anaerobic > sorption-only conditions. The large difference in specific capability between the rock surface and sediment compartments could be attributed to oxygen deficiency (because of chemical and biological oxygen demand) in the sediments. Free-floating and particle-attached organisms in the water column were important to PCP biodegradation.
Microbial degradation is a major contributor to the fate of many synthethic chemicals in the environment. We employed a series of outdoor artificial streams (1, 7, 8 ) (hereafter referred to as channels) to model the fate of the pesticide pentachlorophenol (PCP) in a flowing aquatic environment. Replicate channels were supplied a concentrated aqueous solution of sodium pentachlorophenate on a continuous basis at the upper end of each channel to achieve (after mixing) constant initial concentrations in the range of 48 to 450 ,ug/liter (toxicant was not added to one channel, which was used as a control) for 3-month periods during the summers of 1982 and 1983.
Microbial degradation became the major mechanism of PCP removal after an adaptation period of 3 to 5 weeks (8) . In fact, the half-life for microbial degradation of PCP dropped to as low as 5 to 12 h, corresponding to less than 1/3 mile (ca. 0.54 km) of channel length at the flow rate used.
A most-probable-number enumeration technique, which monitored 14CO2 levels from 14C-labeled substrate in laboratory-incubated samples, documented the emergence, stabilization, and posttreatment persistence (up to several months) of bacterial degraders in the channels. Degrader numbers were found to be much higher in sediments and on rock and plant surfaces than in the water column. This suggests that the channel behaves like a catalyst bed in which PCP destruction occurs via immobilized microbes. [vol/vol] ) was added to the water column of the cores that served as the sorption-only controls. Oxygen-rich cores were bubbled with air from the tip of a 4-mm-diameter glass tube situated 3 cm above the sediment surface so that bubbling did not disturb the integrity of the sediment. Bubbling in this manner resulted in complete mixing of the water column in s8 min (determined with dye) compared with a PCP half-life of several hours for even the fastest degradation rates. Sorption-only controls also were bubbled with air. Anaerobic cores were bubbled with nitrogen (high-purity grade) in the same manner, except that the top of the core device was fitted with a stopper and an exit tube (61-cm [24 inches] long by 4-mm diameter to prevent penetration of air. Samples for analysis were withdrawn by briefly removing the stopper. Oxygen-deficient (microaerophylic) cores were left open to the air and undisturbed during the experiment except for brief and gentle stirring with a spatula (without disturbing sediments) before sampling to ensure homogeneous water samples.
(iii) Macrophyte surfaces. Potamageton crispus was collected from pool 2 (100 m below the PCP injection point) by carefully breaking off the top, leafy portion of the plant and placing it into a submerged 2-liter beaker. This technique salvaged most but not all of the loose sediment covering the plant. Lemna minor, a nonrooted plant, was scooped from the surface of pool 4 (290 m below the PCP injection point) with a 2-liter beaker. The beaker was then filled with water from the same site. The beakers were returned to the laboratory and gently stirred magnetically. Fractions (10 ml) of the water were withdrawn periodically for PCP analysis. Controls were spiked with Formalin (2% [vol/vol] ). At the termination of the experiments, the plants were blotted gently and weighed.
(iv) Water column free-floating versus particle-attached organisms. Samples of water from three locations were each divided into two equal portions; one portion was filtered through a 1.0-,um Nuclepore filter to remove suspended particles and to leave free-floating bacteria in the filtrate (3), and the other portion was unfiltered. A composite of equal portions of unfiltered water from the three locations was poisoned with Formalin (2% [vol/vol]) to serve as a control.
Each fraction (190 ml) was placed in a sterile, cottonplugged, 250-ml Erlenmeyer flask in a rotating shakerincubator at 100 rpm at 25 to 27°C in the dark, and samples (10 ml) were taken periodically to determine the PCP concentration.
RESULTS AND DISCUSSION
The loss of PCP from all fate processes was estimated from downstream PCP gradients in the water column. It was APPL. ENVIRON. MICROBIOL. assumed that losses in compartments other than the water column ultimately would be manifested in the water column because these compartments would resorb PCP from the water. The analysis we employed permitted a separation of the contribution of microbial degradation of PCP from other major mechanisms (8) . Effects of photolysis were eliminated by taking samples after at least 10 h of darkness which corresponded to the water retention time in the channel (ca. 10 h). Volatilization was found to be negligible. Combined miscellaneous losses, including sediment sorption and macrobiotic uptake, were estimated from gradients during the first 3 weeks of dosing. This interval was within the acclimation period for microbial transformation of PCP in the channels. Table 3 .
b Oxygen-rich conditions. '*Maximum plant density.
capability, R is the ratio of the residence time of water in the pools or riffles (whichever is applicable) to that in the whole channel, and A is the combined surface area of the pools or riffles (Table 3) . For clarity and purposes of discussion, the mean values of specific capability and contribution are re-expressed in Table 4 in terms of the percentage of the total. Rock surfaces. Microbial degradation of PCP? by epiliths, shown in Fig. 1 The specific capability of epiliths depends on the gravel bed mixing depth, that is, the volume of gravel in which the pore water is in rapid exchange with the water column. Biodegradation by epiliths at depths in the gravel where pore water exchange with the water column was very slow would have had little impact on the observed loss of PCP in the channel. The zone of complete exchange is bordered at the point where the exchange time is equal to the water column retention time in the riffle; incomplete exchange occurs below that point. Dye-spike experiments showed that the exchange time of pore water at the 10-and 15-cm depths into the gravel bed was about 1.0 to 1.4 and 2.5 times, respectively, the water column retention time in the riffle as a whole. Therefore, epilithic degradation of PCP within at least the upper 10 cm of gravel must be considered important to overall PCP loss in the channels. Furthermore, results of separate experiments showed that rates per square centimeter of surface area of rock did not vary with depth in this region (data not shown).
Sediments. The specific capability of sediments was measured by following PCP disappearance in the water column above intact sediment cores. The rates of PCP disappearance deviated from first-order depended on the PCP concentration in a manner consistent with a progressively increasing ratio of sediment surface area to water volume as water samples were withdrawn for PCP assay. Therefore, the rate in each core was measured from the slope of the concentration versus time curve at [PCP] = 100 ,ug/liter. A correction was made for the rate of PCP disappearance in the water alone. Formalin-poisoned controls reflected PCP loss to sorptioh alone. No sudden release of PCP from sediments or uptake of PCP from the water was observed in these controls after they were spiked with Formalin, indicating that Formalin has no significant effect on the partition coefficient of PCP in the sediments. Sorption-only losses agreed well with those calculated from PCP levels in channel sediment cores taken on days 6 to 8 of the study before biodegradation became important (63 to 150 lug/h per cm2; J. J. Pignatello, L. K. Johnson, M. M. Martinson, R. E. Carlson, and R. L. Crawford, manuscript in preparation). The kinetic studies in the cores were done under either oxygen-rich (air-bubbled), anaerobic (N2-bubbled), or microaerophilic (oxygen-poor, no bubbling) conditions. Bubbling also served to mix the water columnn without disturbing the sediments; consequently, the water column of the microaerophilic cores was incompletely mixed, and this may have contributed to oxygen deficiency at the sediment surface in these replicate samples. Sediment contributions were calculated by assuming sediment cover in pools only.
Macrophyte surfaces. The specific capability of epiphytes was determined for the macrophytes P. crispus and L. minor, the two dominant species of plants in this channel. Rates of disappearance, corrected for water-only values, were first-order for the PCP concentration; plots of log ([PCP],/[PCP]O) versus t were linear to 80% PCP loss (r2 = 0.957 to 0.988; n -7 to 11). Controls poisoned with 2% formaldehyde removed significant levels of PCP for 4 to 5 h before activity ceased. From our experience we have found that this conceiltration of formaldehyde quickly and effectively eliminates microbial degradation of PCP in sediments and on rock surfaces ( Fig. 1 and 2) , indicating that the plants themselves may have been responsible for some degree of PCP disappearance. Plants are known to absorb PCP and excrete it in the form of soluble conjugates (5) which did not appear in our gas chromatographic assay. For this reason the plant tissue may not have been at equilibrium with respect to the ambient PCP concentration. PCP disappearance during the initial period after the addition of formaldehyde could have been due to plant metabolism of PCP before formaldehyde-induced plant death or to a reestablishment of equilibrium with respect to PCP between plant tissue and water. The values in Table 2 , therefore, may represent combined microbial degradation and macrophyte uptake. Our results indicate that macrophyte uptake accounts for 35 to 55% of PCP loss in this compartment. The specific capability for PCP uptake by macrophytes and the attached microbes was calculated for each species from the estimated plant density (in kilograms per square meter) at maximum cover in the channels. This was determined by weeding sections of the channel judged to be at maximum density for each plant. The contribution was calculated by making qualitative judgments on the degree of coverage, relative to the maximum, on a pool-by-pool and riffle-by-riffle basis. Both of these determinations required qualitative judgments and were thereby subject to errors. In addition, relative plant cover was variable throughout the season.
Water column. The contribution of the water column microflora to PCP degradation was calculated from the rates of PCP loss and the total volume of water in the channel. The latter was estimated from individual riffle and pool dimensions. The contributions from free-floating bacteria and organisms attached to suspended particles were compared by monitoring samples of unfiltered water, representing total microorganisms, and water that was passed through a 1.0-,um pore-size filter, which removed particulate matter but left 98% of the free-floating bacteria (3). The results for water from three locations in the channel are with a PCP concentration of 144 ,ug/liter are shown in Fig. 2 .
Comparisons. The stark differences among channel compartments when compartments are compared on an areaequivalent basis (specific capability) are shown in Table 4 . The rock surface compartment is considerably more efficient at removing PCP than are the other compartments. In terms of the contributions in this particular aquatic system, however, the differences are moderated because of two factors. First, the dominance of the rock surface compartment, located solely in the riffles, is diminished because of the smaller surface area of the riffles (31% of total) and shorter retention time of water in the riffles (23% of total) compared with that of the pools, where the other compartments predominate. Second, the epiphyton contribution relative to sediments and water column is diminished because plant density is less than maximal in the channel. Nevertheless, it is clear that an overwhelming degree of PCP degradation in the channel is carried out by surface-attached microorganisms.
Results shown in Table 3 indicate that aerobic degradation is more important than anaerobic degradation over sediment cores. Oxygen-deficient conditions, which may more closely represent the natural condition in the channel at the sediment-water interface than do oxygen-rich conditions, gave rates comparable to anaerobic conditions in the cores. The relatively slow rate of degradation over the sediments, despite the high degrader densities shown by the most-probable-number enumerations (8) , is almost certainly a consequence of oxygen deficiency. Oxygen appears to be an essential cosubstrate for metabolism of the PCP aromatic ring by aerobes. Water can percolate through the gravel or around plants to continuously replenish oxygen and substrate at these surfaces. Sediment, however, is oxygen deficient, or anaerobic, because of chemical and biological oxygen demand (2, 6) . We also compared rates under aerobic and anaerobic conditions for sediment in dilute slurry (1:100 with water) (Pignatello et al., in preparation). These sediments were taken from the top 1 cm of the sediment column, where degrader numbers and PCP concentration were highest. As with intact sediment columns, aerobic conditions yielded the fastest rates (six to seven times that under anaerobic conditions). The well mixed, aerated slurries gave rates at [PCP] = 100 pug/liter corresponding to a specific capability of 9 x 103 pug/h per m2 in the channel, or about 50 times faster than even oxygen-rich cores, and comparable to the specific capability of rock surfaces. Furthermore, the rate of PCP degradation by epiliths was considerably slowed when the oxygen concentration was artificially lowered to below -1 ,ug/liter in water over rocks collected from the channels (E. J. Brown, J. J. Pignatello, M. M. Martinson, and R. L. Crawford, manuscript in preparation). Figure 2 shows that PCP loss was more rapid in unfiltered water (total microorganisms) than in filtered water (freefloating bacteria only) in two of three cases, but the differences were not large. Although it was difficult to quantitate the contributions, it is clear that an appreciable portion of degraders in the water column are free floating. Table 3 account for 43% (and up to 64%) of the total microbially related PCP loss, as determined by downstream water column PCP gradients. The following are among the possible reasons for the underestimation. (i) We did not take into account the gravel bed zone of the riffles in which the pore water exchanges incompletely with the water column (i.e., below 10 cm). It is difficult to quantitate the contribution from that zone, because it will depend on both the exchange rate and the PCP concentration, which is likely to be lower than that of the water column and variable with depth. (ii) We did not attempt to measure the contribution of communities on the surfaces of detritus in the channel. (iii) The use of water surface area in the channel to convert specific capability to contribution is a conservative estimate of channel-bottom surface area.
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